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Abstract 
Recently, the operating number of the artificial joint tends to increase gradually. Titanium alloys such as Ti-6Al-4V, Ti-6Al-7Nb 
and so on were well known as material used for biomedical devices. These materials were used for the reasons of having superior 
corrosion resistance, excellent specific strength and excellent biocompatibility. However these materials have inferior wear 
corrosion characteristics. For this reason, surface modification was required. GUMMETAL(Ti-23Nb-0.7Ta-2Zr-O), which is one 
of β titanium alloys, has low elastic modulus comparable to that of the bone, this material shows superior mechanical 
compatibility. At present, wear corrosion characteristics of GUMMETAL were not fully understood comprehensively both from 
wear and corrosion behaviors. Therefore in this study, wear corrosion characteristics of GUMMETAL were evaluated 
comprehensively both from wear and corrosion characters of this material and some trials for improving wear corrosion 
characteristics by high temperature in air oxidation were conducted. As a result, wear corrosion behavior was well understood
from the viewpoint of the mutual interaction of wear and corrosion. And also, the improvement in both of wear and corrosion 
characteristics was recognized in case when high temperature in air oxidation was applied to the surface of specimen. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
Recently, the operating number of the artificial joint tends to increase gradually. Titanium alloys such as Ti-6Al-
4V, Ti-6Al-7Nb and so on were well known as material used for biomedical devices (Hanawa et. al(2007) and 
Hanawa(2010)). These materials were used for the reasons of having superior corrosion resistance, excellent specific 
strength and excellent biocompatibility. However these materials have inferior wear corrosion characteristics. For 
© 2014 Elsevier Ltd. Open access under CC BY-NC-ND license. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department 
of Structural Engineering
1082   Yuji Kimura and Yusuke Sekiguchi /  Procedia Materials Science  3 ( 2014 )  1081 – 1086 
this reason, surface modification was required. GUMMETAL(Ti-23Nb-0.7Ta-2Zr-O), which is one of β titanium 
alloys (Furuta et al.(2007)), has low elastic modulus comparable to that of the bone, this material shows superior 
mechanical compatibility. At present, wear corrosion characteristics of GUMMETAL were not fully understood 
comprehensively both from wear and corrosion behaviors. Therefore in this study, wear corrosion characteristics of 
GUMMETAL were evaluated comprehensively both from wear and corrosion characters of this material. And also, 
some trials for improving wear corrosion characteristics by high temperature in air oxidation were conducted.  
 
1. EXPERIMENTAL PROCEDURES 
 
2.1 Polarization Measurement 
Ti-6Al-4V, Ti-6Al-7Nb and GUMMETAL plate specimen are used in this study. Corrosion tests were conducted 
using 11x11x1.0 mm plate specimen. Surface of these materials was finished by buffing. Then, corrosion testing 
was conducted through insulating specimen with silicon except for the testing surface area of 1 cm2. Chemical 
compositions of test specimens was indicated in Table 1. 
Corrosion resistance of test specimens was evaluated through obtaining polarization curve by 3 electrodes 
electrochemical method in which working electrode was a test specimen, counter electrode was platinum-electrode 
and reference electrode was saturated calomel electrode. Electric connection between reference electrode cell and 
working electrode cell was maintained by salt bridge made of saturated KCl solution at 333K. Potentio-dynamic 
tests were conducted in quasi-human body environment, i.e., lactic Ringer’s solution of 310K under the potential 
ranges from –1,000mV to+6,000mV for Ti-6Al-4V, Ti-6Al-7Nb and GUMMETAL, respectively. Electrolytic 
composition of quasi-human body environment of lactated Ringer’s solution were indicated in Table 2. Detailed 
observations of surface morphology of test specimens were conducted by SEM . 
 
    Table 1 Chemical Compositions of Test Specimens (%) 
 
         Table2 Electrolytic Composition of Test Solution 
Element [mEq/L] Na+ K+ Ca2+ Cl- Lactate- 
lactic Ringers Solution 130 4 3 109 28 
 
2.2 Measurement of Specific Wear Amount and Friction Coefficient 
As pin specimens relatively soft materials were applied to avoid digging out disk materials. Disk specimen size 
was selected to be 60×60×10mm. Because there are some fears of plate fracture due to the shortage of strength in 
case of applying thinner specimen and the degradation in the measurements accuracy in case of applying thicker 
specimens. The surface of plate specimen was finished by buffing. On the contrary, pin type specimen sizes were 
selected to be ȭ6×30mm, and the edges were rounded to be R=0.3 mm and roughness of pin test specimen surface 
was Ra=5μm. Disk specimens were ultrasonically cleaned using acetone and methanol referring to JIS R 
1613(2002). They were dried 1 hour at 393K to remove water, and then they were naturally cooled in desiccator. 
After electrochemical testing specimens were cleaned and dried employing the same method. UHMWPE pin 
specimens were cleaned by distilled water, and they were dried 1 hour at 310K, then they were naturally cooled in 
desiccator. Combination of disk and pin materials and testing condition were shown in Table 3. 
Wear tests were conducted by pin on disk type testing machine in quasi-human body environment of lactated 
Ringers solution at 310 K. Change in friction coefficient between pin and disk specimens was detected during wear 
testing. Also, weight of specimen was measured before and after wear test. And wear amount was calculated by 
using equation (1) referring to TR T 0003(1997). 
 
W㸻㸦W1㸫W2㸧㸭P࣭L࣭ρ   㸦1㸧 
 Ti Ta Al V Nb N C Fe Zr O H 
Ti-6Al-7Nb mass% Bal ~0.5 5.5~6.5 ˉ 6.5~7.5 ~0.05 ~0.08 ~0.25  -- ~0.2 ~0.009 
Ti-6Al-4V wt% Bal ˉ 6.30 4.16 ˉ 0.002 0.006 0.242 -- 0.168 0.0044 
GUMMETAL mol% Bal 0.7 ˉ -- 23 ˉ   2.0 trace ˉ 
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where  W : Specific wear amount [mm2㸭N]  
W1: Molarity of before experiment [g] 
W2: Molarity of after experiment [g]  
L: Sliding distance [mm]  
ρ: Density of specimen [g/mm3]  
P : Load[N]㸻p×S 
p: Stress on wear surface [MPa]  
S: Area of wear surface [mm2] 
 
Test conditions were determined as 6 rpm for disk sliding speed and 3 km for sliding distance referred to TR T 
0003(1997). Environmental solution may eminently evaporate during testing, in consequence concentration change 
of ions is expected. And accelerating effect due to concentration change of ions in solution is worried about. 
Therefore, some amount of distilled water was dropped into solution during wear test to keep the concentrations of 
ions to be almost the same. Surface morphologies of all test specimens were observed by optical microscope and 
FE-SEM. 
Table 3 Test Condition of  Disk and Pin Specimens 
Loading stress MPa Disk specimen Pin specimen 
2.5 Ti-6Al-4V UHMWPE 
2.5 Ti-6Al-7Nb UHMWPE 
2.5 GUMMETAL UHMWPE 
2.5 Oxidized GUMMETAL UHMWPE 
 
2. RESULTS AND DISCUSSIONS 
 
3.1 Result of Polarization Measurement 
Fig.1 showed results of polarization measurements obtained for Ti-6Al-4V,Ti-6Al-7Nb and GUMMETAL 
specimens. At the same time, results of polarization measurement of in air oxidized GUMMETAL was shown in 
this figure. From the results shown in Fig.1, it was understood that Ti-6Al-4V shifted into trans-passive state under 
the potential condition of 5,500mV over. However, Ti-6Al-7Nb, GUMMETAL and in air oxidized GUMMETAL 
were still in passive state. As a result, Ti-6Al-7Nband GUMMETAL had better corrosion resistance compared with 
Ti-6Al-4V. In case of in air oxidized GUMMETAL, current density of was extremely suppressed. As a result, in air  
 
 
 
Fig.1  Results of Polarization Measurement 
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oxidized GUMMETAL showed better corrosion resistance compared with Ti-6Al-7Nb alloy and GUMMETAL. 
Fig.2 showed surface morphologies of test specimens detected by optical microscope and SEM before and after 
polarization measurement. As shown in Fig.2, no corrosion damages were recognized on Ti-6Al-7Nb alloy, 
GUMMETAL and in air oxidized GUMMETAL specimens surface. On the other hand, clear corrosion damages 
such as pitting was detected on the surface of Ti-6Al-4Vspecimen.From these results, superior corrosion resistance 
of GUMMETAL, especially in case when it was in air oxidized shown in Fig.1 was confirmed. 
 
 
 
Fig.2 Surface Morphologies before and after polarization measurement 
 
3.2 Specific Wear Amount and Friction Coefficient 
Specific wear amount was estimated from equation (1) using molarity loss during wear corrosion test and shown 
in Table 4. Also, friction coefficient during wear corrosion test was measured and shown in Fig.3.  
 The specific wear amount of GUMMETAL and in air oxidized GUMMETAL disc specimen were not detected. The 
specific wear amount of UHMWPE pin material obtained under in air oxidized GUMMETAL/ UHMWPE coupling 
test condition was extremely suppressed compared with that obtained under GUMMETAL/ UHMWPE coupling test 
condition. Therefore, in air oxidization treatment upon GUMMETAL specimen resulted in remarkable improvement 
of were corrosion characteristics of both GUMMETAL disc and UHMWPE pin material.  
Then, surface morphology of Ti-6Al-4V, GUMMETAL and in air oxidized GUMMETAL specimens before and 
after wear corrosion test was examined by laser microscope and shown in Fig. 4,5 and 6. Also in these figures, 
surface morphological change depending upon the location of worn trace was indicated. Surface morphologies of 
Ti-6Al-4V  
 
      Table 4 Specific Wear Amount Obtained for various Testing Materials : p=2.5MPa 
Materials Molarity loss (g) Specific Wear Amount (mm2/N) 
Oxidized GUMMETAL 0 0 
UHMWPE 0.0002 0.100×10-8 
GUMMETAL 0 0 
UHMWPE 0.0008 0.401×10-8 
Ti-6Al-4V 0.2722 24.1×10-8 
UHMWPE 0.0067 2.80×10-8 
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Fig. 3 Change of Friction Coefficient during Wear Corrosion Test: p=2.5Mpa 
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Fig.6 Laser Micrograph of Specimen Surface after Wear Corrosion Test : Center of worn trace of in air oxidized GUMMMETAL, L=3 km 
 
Table 5  Surface roughness Ra of specimens 
 In air Oxidized 
GUMMETAL 
GUMMETAL Ti-6Al-4V 
Before testing 6.60μm 4.18μm 4.44μm 
After testing 6.66μm 5.50μm 8.56μm 
 
disk specimen after wear corrosion test conducted under loading stress condition of p=2.5MPa were also examined 
by FE-SEM. Surface roughness of specimen was increased in case of Ti-6Al-4V specimen compared with 
GUMMETAL and in air oxidized GUMMETAL specimens. Also, in the center of sliding trace this tendency 
became remarkable. At the same time, surface roughness Ra of specimens was measured by laser microscope and 
shown in Table 5. From these data, larger surface roughness change was recognized in case of Ti-6Al-4V specimen 
between before and after ware corrosion test. On the contrary, little change was recognized in case of in air oxidized 
GUMMETAL.  
 
3. CONCLUSIONS 
In this study, wear corrosion characteristics of GUMMETAL were evaluated comprehensively both from wear 
and corrosion characters of this material. And also, some trials for improving wear corrosion characteristics by high 
temperature in air oxidation were conducted.  
The results obtained were summarized as follows: 
(1) In polarization measurement,Ti-6Al-7Nb and GUMMETAL had better corrosion resistance compared with Ti-
6Al-4V. Corrosion resistance of GUMMETAL was extremly improved when in air oxidization treatemnt was 
conducted. 
(2) The specific wear amount of GUMMETAL and in air oxidized GUMMETAL disc materials were not detected. 
The specific wear amount of UHMWPE pin material obtained under in air oxidized GUMMETAL/UHMWPE 
coupling test condition was extremely suppressed compared with that obtained under GUMMETAL/UHMWPE 
coupling test condition. The specific wear amount of UHMWPE pin material obtained under in air oxidized 
GUMMETAL/ UHMWPE coupling test condition extremely suppressed compared with that obtained under 
GUMMETAL/ UHMWPE coupling test condition.Therefore, in air oxidization treatment upon GUMMETAL 
specimen resulted in remarkable improvement of were corrosion characteristics of both GUMMETAL dosc and 
UHMWPE pin materials. 
(3) Friction coefficient of in air oxidizized GUMMETAL became extremelystable and that value was suppressed 
compared with that obtained for Ti-6Al-7Nb and non treated GUMMETAL. 
Judging from abovementioned results, it was understood that in air oxidization treatment upon GUMMETAL 
specimen resulted in remarkable improvement of corrosion and wear corrosion characteristics of GUMMETAL. 
Therefore, in air oxidization treatmentcan contribute to improving hip joint life. 
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